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Phase Space Density (Brilliance)

ESS, SNS-STS, J-PARC TS-2
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J-PARC MLF 2nd Target Station 
Conceptual Design ver.1.1 (2019/03/22)

3GeV Synchrotron

Target Station 1 
operational

Target Station 2 
under discussion
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Rotating W, Hg, Pb-Bi
µ-extraction  Magnet

Coupled Hydrogen Moderator

Decoupled Hydrogen Moderator

Water ModeratorSuprtthermal Converter

J-PARC MLF 2nd Target Station 
Conceptual Design ver.1.1 (2019/03/22)

20-fold increase of neutron brilliance

50–100-fold increase of muon intensity

proton beam power 1MW -> 1.5MW
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muon science

Material and Life Science

Negative-muon µSR

Chemical Analysis with Muon-characteristic X-rays

Ultra-slow Muons

Hyperfine Structure of Muonium

Surface Science

Nuclear Study with Muons

Transmission Muon MIcroscopy

Muon g-2/EDM

Micro-muon Beam for 2d- and 3d-scanning Imaging

Soft- and Hard-error of Electronic Devices

Proton Radius

Muon-decay Parameters

Muon Rare Decays
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neutron science

Fundamental Physics

UCN EDM Gravitational Levels β-decay Parameters

VCN New Interaction Search Scattering Lengths Dark Energy Search

Neutron-Antineutron OscillationVCN

ETN (eV) Discrete Symmetry Violations in Compound Nuclei -> TS1

Nuclear Engineering

FN (MeV) Nuclear Data MeV Transmission Imaging

Elastic Scattering & Diffraction

Hydrogen Collective Dynamics

Vibrational and Magnetic Excitations

Softmatters

small-crystals (0.5mm -> 0.2mm)

sample environment (T<50mK, P>10GPa)

transient phenomena (sub-msec)

microscopic diffraction

Protein Structural Analysis
Imaging

Neutron Transmission Microscope

Materials under High-pressures

Metallic Hydrogen Planetary Science Pressurized Ice

Holography for Active Sites

Materials under High Magnetic Fields

Material and Life Science
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tungsten target

high energy port

high energy port

tungsten target

UCN
coupled moderator

decoupled moderator

Be reflector

Fe reflector

proton

light-water 
moderator

deuterium 
moderator for UCN 

source

coupled liquid 
hydrogen 
moderator

quadruple extraction 
decoupled liquid 

hydrogen moderator
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neutron source

imaging optics

magnified image

neutron source

neutron source

neutron source

variable virtual source

variable virtual source

variable virtual source variable virtual source

variable virtual source

focusing optics refractive/reflective 
parallelizing opticsγ-ray analysis 

d
et

ec
to

r

object

object

auxiliary devices
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diffractive image

object

imaging detector
diffractive image
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high-resolution imaging versatile imaging

scanning imaging, scanning prompt gamma-ray analysis diffraction imaging

refractive/reflective 
parallelizing optics

im
ag

in
g

 d
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to

r

piston cyllinder

facing anvil cell

multi-anvil cell

diamond anvil cell

brilliant neutron beam
high phase-space-density

enables flexible optical control 
similar to photon optics
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Schematic layout of SOFIA for the 2.2° inclined beamline.

S,Takeda et al., Vol. 24, No. 12 | DOI:10.1364/OE.24.012478 | OPTICS EXPRESS 12478

SOFIA with focusing optics

focusing optics for reflectometry
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T.Hosobata et al., Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20012

focusing optics for reflectometry

metal substrate super mirrors (MSSM)
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T.Hosobata et al., Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20012

fabrication of metal substrates
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T.Hosobata et al., Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20012

polishing of Ni-P plated surface
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T.Hosobata et al., Vol. 25, No. 17 | 21 Aug 2017 | OPTICS EXPRESS 20012

precision assembling metal-substrate mirrors
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T.Hosobata et al., JPS Conf. Proc. , 011010 (2018), Proc. Int. Conf. Neutron Optics (NOP2017)

https://doi.org/10.7566/JPSCP.22.011010

reflective focusing unit

fully metallic -> radiation-hard
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T.Hosobata et al., JPS Conf. Proc. , 011010 (2018), Proc. Int. Conf. Neutron Optics (NOP2017)

https://doi.org/10.7566/JPSCP.22.011010

reflective focusing unit
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Optics

magnetic shield (10nT)
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detector 
(conversion target)

Ωdirect~10µsr
main optics

cold 
neutron 
source

additional optics Ωadditional~O(10msr)

ρ≤1.5m

NNbar@ESS
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neutron source

refractive lens

mirror
(slower neutrons)

(faster neutrons)
mirror

less sensitive to 
misalignment

compound refractive lens 
magnetic lens

Refractive Lens 
for Enlarging Effective Acceptance
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neutron source

refractive lens

mirror
(slower neutrons)

(faster neutrons)
mirror

less sensitive to 
misalignment

compound refractive lens 
magnetic lens

Refractive Lens 
for Enlarging Effective Acceptance

micro Fresnel

perfluoropolymer

biconcave Fresnel-shape coaxial biconcave microprism

MgF2
MgF2

MgF2 perfluoropolymer
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aspect ratio ~ 1:20

MEMS X-ray Lens K.Ishikawa, Y.Ezoe et al., DOI 10.1007/s00542–016–2980–6 Microsyst. Technol.  (2016)

coating demonstrated

nickel (m=1)
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m=1 m=1 m=1 m=1 m=1 m=1
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m=1 m=1 m=1 m=1 m=1 m=1

~500µm ~500µm ~500µm ~500µm ~500µm ~500µm

~3mm
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neutron source

main optics acceptance

main optics
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neutron source

main optics acceptance

main optics

additional acceptance
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neutron source

main optics acceptance

main optics

additional acceptance
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neutron source

main optics acceptance

main optics

additional acceptance



page

Title(Present/Future Neutron Optics) 
Conf(FPSTS19: Workshop on Fundamental Physics at the Second Target Station) 
Date(2019/07/26) At(Oak Ridge)  27

Neutron Interferometry
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Neutron Phase induced by Earth’s Gravity

λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

COW expertment
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Neutron Phase induced by Earth’s Gravity
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λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics
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λ=0.1445nm (Bragg condition of Si single crystal)

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics

neutron velocity is limited by lattice constant

(size of Si single crystal)
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λ=0.1445nm (Bragg condition of Si single crystal)

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics

neutron velocity is limited by lattice constant

(size of Si single crystal)

multilayer mirror 
(artificial 1-dim crystal)
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Mirror Alignment 干渉縞の確認干渉縞の確認
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Y. Seki et al.
J. Phys. Soc. Jpn. 79
(2010)124201.
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Y. Seki, et. al., to be published.,
JRR-3 MINE2, 0.88nm

コントラスト57%
ビーム分離 327±9μm
（設計値337±7）

preliminary

経路内にデバイスを挿入可能に
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Y. Seki, et. al., to be published.,
JRR-3 MINE2, 0.88nm

コントラスト57%
ビーム分離 327±9μm
（設計値337±7）

preliminary

経路内にデバイスを挿入可能に

Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.

30cm x 0.2mm ~ 10-4 m2
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Multilayer Neutron Interferometer

slower neutronbetter statistics

larger interferometer
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187

COW

Lense-Thirring

accessible with J-PARC
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Mach-Zehnder configuration
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New Interaction Search (mm-range)
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VCN Intermetometry

phase-space transformer

virtual source 
(slit)

etalon unit

etalon unit

detector

object
VCN
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Polarizer

spin 
rotator

spin 
rotator

spin 
inverter

sample

pair 
mirror

pair 
mirror

Analyzer

VCN
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Phys. Rev. D59 (1999) 086004

bulk

potential

Potential of Hypothetical Yukawa-interactions near the Bulk Surface
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

Parametric Resonance due to the Yukawa Interactions
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Epithermal Neutron Optics
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Compound States
P-violation
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compound state
entrance channel

exit channel

p-wave

s-wave

P

106 eV

10 eVrandomness of expansion coefficients

~ P-violation in NN interaction

Dynamical Enhancement
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f = A0 +B0� · Î + C 0� · k̂ +D0� · (Î ⇥ k̂)
Spin Independent 

P-even T-even
Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

Spin Independent 
P-even T-even

T-violation 
P-odd T-odd

Spin Dependent 
P-even T-even

P-violation 
P-odd T-even

T-violation 
P-odd T-odd

validity of this description can be checked via the consistency among A, B, C

T-violation in Neutron Optics

D≠0 ➡ D’≠0

fake T-odd negligible



page

Title(Present/Future Neutron Optics) 
Conf(FPSTS19: Workshop on Fundamental Physics at the Second Target Station) 
Date(2019/07/26) At(Oak Ridge)  48

Summary

High Phase-space Density (Brilliance)

enables flexible optical control

Optics

Precision machining techniques

are delivering practically applicable new opportunities

with metal substrate super mirrors.

Also control of neutron waves

interferometry and spatial

Epithermal spin optics as a new approach to new physics

(Refractive optics -> afternoon)

Present/Future Neutron Optics


